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Abstract
We carefully investigated the in-plane magnetic reversal and corresponding magnetic domain 
structures in Fe/GaAs/piezo-transducer heterostructure using longitudinal magneto-optical Kerr 
microscopy. The coexistence of the <100> cubic magnetic anisotropy and ]01[1 uniaxial magnetic 
anisotropy was observed in our Fe thin film grown on GaAs. The induced deformation along [110] 
orientation can effectively manipulate the magnetic reversal with magnetic field applied along 
magnetic uniaxial hard [110] axes. The control of two-jump magnetization switching to one-jump 
magnetization switching during the magnetic reversal was achieved by piezo-voltages with magnetic 
field applied in [100] direction. The additional uniaxial anisotropy induced by piezo-voltages at ±75 V 
are ±1.4×103 J/m3 .
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I. INTRODUCTION
Electric field control of the ferromagnetic magnetization process has become increasingly 
important because it has great potential applications for the memory device, magnetic logic, 
magneto-electric sensor and the integration of magnetic functionalities into electronic circuits [1,2]. 
The approaches adopted to achieve this aim including the electric field gating to change the magnetic 
anisotropy of an ferromagnetic semiconductors or ultrathin ferromagnetic metals [3,4], electric current 
generating spin-orbit coupling field to assist the magnetization reversal [5-7] , ultrafast polarized optics
to switch the magnetization [8], and strain to change the anisotropy and the magnetization reversal of 
magnetic thin film [9,10]. Since the magneto crystalline anisotropy is originated from the spin-orbital 
coupling of the materials, modification of lattice constant using piezo-voltage can thus directly 
manipulate the magnetic anisotropy and the magnetization reversal. For decades, the interest of Fe 
films anisotropy research never diminishes because of its broad promising application [11]. The thin Fe 
film grown on GaAs substrate has the Curie temperature well above the room temperature and it also 
integrates ferromagnetism and traditional semiconductor GaAs together [12,13]. Very rich magnetic 
anisotropy, coexistence of the in-pane cubic and uniaxial anisotropy, was observed in the epitaxial 
growth of thin Fe film on GaAs substrate [14,15]. Thus understanding the physics of piezo-voltage 
control of the magnetic anisotropy and magnetic reversal of this system could be very important for 
realization the future metallic-semiconducting spintronic applications [16,17].
In this paper, we firstly investigated the magnetic hysteresis and the corresponding magnetic 
domain structures during the magnetic reversal in the virgin state of the Fe/GaAs/piezo-transducer 
heterostructure. We then compared the hysteresis loops of the Fe thin film with magnetic field applied 
in-plane different crystalline orientations under positive/negative piezo-voltages. The piezo-voltages 
can effectively control the magnetization crossing the intermediate magnetic state during the magnetic 
reversal. Also the magnitude of the additional uniaxial anisotropy induced by piezo-voltages was 
obtained to be ±1.4×103 J/m3 at ±75 V.
II. EXPERIMENTS
The ultra-thin 5 nm Fe was grown on n-type GaAs/GaAs substrate using molecular-beam epitaxiy 
(MBE). The substrate of the sample was first polished to 120±10 μm to ensure that the deformation can 
be transferred to the sample. Then the sample was bonded to the lead zirconate titanate (PZT) 
piezotransducer using two-component epoxy after thinning the substrate. The positive/negative voltage 
produces a uniaxial tensile/compressive strain in the direction of [110]. The induced strain/stress along 
[110] orientation was measured by strain gauge, which was found to be linearly changed with the 
applied voltage. The magnitude of the additional uniaxial strain/stress for a piezo-voltage of +/-75 V is 
approximately +/-3.510−4. Under zero and applied piezo-voltages, the magnetization vectors and the 
corresponding magnetization domains of the thin Fe film during magnetization reversal along in-plane 
different orientations were measured by using longitudinal magneto-optical Kerr microscopy 
(LMOKM). In the longitudinal setup, the Kerr rotation angle is proportional to the magnitude of the 
magnetization component along the projection direction of the incident light in the plane. The 
magnetization vectors thus can be used to determine the relative magnitude (M/MS) (where M is the 
magnetization component along the magnetic field direction and MS is the saturation magnetization) 
and direction of the magnetization. Thus, the hysteresis loops with magnetic field along different 
in-plane orientations measured by the longitudinal Kerr effect can be used to investigate the in-plane 
magnetic anisotropy. In this work, the experimental measurements were all performed at room 
temperature, and the magnetic field is at a fixed frequency of 0.5 Hz.
III. RESULTS AND DISCUSSIONS
A. Magnetic anisotropy in virgin state
Rotating the sample in the plane, the LMOKM was used to measure the hysteresis loops and the 
corresponding magnetic domain structures with magnetic field applied in any direction in plane.
Figs.1(a)-(c) show the Kerr rotation angle during the magnetization reversal with field applied close to 
the in-plane major crystalline [110], ]01[1 and [100] orientations, respectively. Each curve was 
measured deviating 50 from the main crystalline to make sure the magnetization procedure route 
towards counterclockwise. 
As shown in Figs. 1(a) and (b), although only one step magnetization switching was observed 
during magnetization reversal with magnetic field applied in both [110] and ]01[1 directions.
However, the inside physics of magnetic reversal in these two directions are very different. The 
remnant Kerr rotation angle is close to the saturation Kerr rotation angle (about 40 mdeg) with the 
magnetic field applied in ]01[1 direction. Also the very square and sharp magnetic hysteresis loop was 
observed along the ]01[1 orientation, indicating the easiest magnetic anisotropy orientation. However, 
the remnant Kerr rotation angle in [110] direction is only 20 mdeg and the magnetization reversal is 
much less abrupt, indicating the relative hard magnetic anisotropy orientation. With magnetic field 
sweeping from positive to negative in ]01[1 direction, the magnetization directly switches from the 
initial ]01[1 orientation single domain state crossing the 180 degree energy barrier to the final ]101[
magnetic state, which is confirmed by the corresponding magnetic domain structures in Fig. 1(b). The 
system is only broken into magnetic domains mentioned as II and IV during magnetization switching in 
Fig. 1(b). However, the magnetization along [110] orientation is different from that of the ]01[1
orientation during the magnetization reversal. Sweeping the magnetic field (the amplitude is larger than 
saturated magnetization field) from positive to negative in [110] direction, the magnetization firstly 
coherently rotates from the field direction to the easy axis direction, then the system breaks into 
domains and prorogates through 1800 domain walls at HC, after that the magnetization coherently 
rotates again from the easy axis to the external magnetic field direction. The strong asymmetry of 
magnetic hysteresis between [110] and ]01[1 orientation suggests that there is a uniaxial magnetic 
anisotropy between these two directions, which originates from the surface reconstruction of Fe grown 
on GaAs [13,14].
As shown in Fig. 1(c), a two-step-jump magnetic switching behavior was observed during 
magnetic reversal with magnetic field applied along [100] orientation. Very similar behavior was also 
observed in [010] orientation. This symmetry is attributed to the four fold in-plane magnetic anisotropy. 
With magnetic field sweeping from positive to negative in [100] direction, the magnetization firstly 
switched anticlockwise to the intermediate state rather than directly switched from the initial state 
crossing a 180 degree barrier to the final state. The magnitude of the Kerr rotation angle of the 
intermediate state is about 22 / to that of the initial state for the [100] direction hysteresis loop, 
which suggests that the intermediate state is along ]01[1 direction and about 450 away from the initial 
state. So when the external field along the [100] orientation sweeping from positive to negative through 
zero field, the free energy minima was along [100], ]101[ , 00]1[ orientation, respectively. The 
corresponding domain states during the magnetization reversal were shown in the inserted images of
Fig. 1(c). The scanning area of the magnetic domain images is 580 μm×580 μm. The three plateaus
(marked as I, III and V) from positive to negative represent the single domain state of magnetization 
along [100], ]01[1 and 00]1[ , respectively. While the magnetization of film breaks into domains in 
the two sharp transitions (II and IV) in Fig. 1(c), which is corresponding to the low and high two-step 
switching coercive fields HC1 and HC2, respectively. 
The coexistence of the <100> cubic magnetic anisotropy and ]01[1 uniaxial magnetic 
anisotropy was found in our Fe thin film grown on GaAs substrate [13]. Similar magnetic anisotropy 
was also observed in Fe grown on InAs substrate and GaMnAs grown on GaAs substrate [18,19]. 
Considering the <100> cubic magnetic anisotropy and ]01[1 uniaxial magnetic anisotropy, the 
magnetic free energy of our system under external magnetic field can be written down as: 
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where 1H is the cubic anisotropy anisotropic field, 2H is the uniaxial anisotropy field, MS is the 
saturated magnetization of Fe film which is about to 1700 A/m [20],  is the angle between the 
magnetization and hard axis [110] orientation and the  is the angle between the applied field and 
[110] direction. According to the Stoner-Wohlfarth formula, at a given applied field, the magnetization 
coherently follows the global free energy minimum: 0 /E . This formula can well describe the 
magnetization reversal in [110] direction with the magnitude of the magnetic field above 20 Oe, as 
shown in the insert of Fig. 2(a). With cosθ = M/MS, the relationship between the anisotropic fields (or 
anisotropy) and external magnetic field H applied in the [110] direction can be written down as: 
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By fitting the coherent rotation part of the magnetization reversal with magnetic field applied in [110] 
orientation, the anisotropic fields thus can be calculated. The cubic anisotropic and uniaxial anisotropic
fields are 356 Oe and 100 Oe in the virgin state. However, this formula can’t be used to describe the 
magnetization reversal with magnetic field applied in both [110] and ]01[1 orientations. The 
magnetization reversal was confirmed to not rotate coherently with sweeping the external magnetic 
field along [110] and [100] orientations, proved by the domain images in Figs. 1(b) and (c). The 
magnetization switching will happen if the gaining energy of magnetic domains is larger than the 
energy barrier of the two neighbor local minimas. Cowburn et al. has developed a magnetization 
reversal model considering both the 900 and 1800 domain walls [21]. From the obtained magnetic 
anisotropy above by fitting the coherent rotation in [110] orientation, the two global energy minima 
directions of this sample are ]01[1 and ]101[ directions. Considering the energy barrier between 
these two global energy minimas, at coercive field this energy barrier of the 1800 domain wall is equal 
to the pining field 0180 . The pinning energy can be written down as:  sinHM C,CS 220180  , where 
HC is the coercivity when the external field near the uniaxial easy axis. In order to obtain the pinning 
field, the angular dependence of the coercive field was measured, which was plotted in Fig.2 (b). By 
fitting the angular dependence of coercive field HC2, the energy barrier 0180 = 560 J/cm
3 through the 
hard axis [110]/ 0]11[ was obtained.
B. Piezo-voltage induced magnetic anisotropy
With the piezo-voltage induced deformation along [110] direction, we carefully investigated the 
in-plane magnetic hysteresis under strained or stressed situation of the Fe/GaAs thin film. Figs. 3(a)-(c) 
show the Kerr rotation angle during the magnetization reversal at strain/stress (+/-75 V) states with 
field applied in [110], ]01[1 and [100] orientations with 50 deviation, respectively. For reference, the 
magnetic hysteresis without strain is shown in Fig. 3 as well. It is very interesting that we can 
efficiently manipulate the magnetization process with piezo-voltages. With magnetic field applied in 
[110] orientation, the magnetic hysteresis loops shows very clear difference close to HC, which is 
shown in Fig. 3(a). Compared with U = 0 V, the magnetic hysteresis becomes more square and the 
coercive field increases with U = -75 V. However, the magnetic hysteresis becomes less square and the 
coercivity decreases with U = 75 V. This is due to piezo-voltages induced additional uniaxial anisotropy, 
which widens the 1-jump region about the uniaxial easy direction and diminishes the l-jump region 
about the uniaxial hard direction [20]. However, the magnetic hysteresis loops show no clear difference 
with magnetic field along ]01[1 orientation. This could be the piezo-voltages induced energy which is 
insignificant to the magnitude of the uniaxial anisotropy K2. As shown in Fig. 3(c), the magnitude of 
Kerr rotation angle in the three plateaus was unvaried under piezo-voltages with magnetic field applied 
in [100] direction, while the most pronounced changes of the two sharp magnetization switches was 
observed with applied piezo-voltages. The coercive fields of the two sharp changes HC1 and HC2
correspond to the magnetization crossing from [100] to ]01[1 ( 00]1[ to ]101[ ) and from ]01[1 to 
00]1[ ( ]101[ to [100]), respectively. The HC2 increases with U = 75 V, while it decreases with U = -75 
V. With sweeping magnetic field from positive to negative in [100] direction, the first switching of HC1
was happened much early at positive field with U = 75 V. However, the HC1 increases dramatically and 
the first step switching nearly matches with the second step switching with U= -75 V. The relative 
change of the HC1 and HC2 depends not only on the exact direction of applied magnetic field and also 
the magnitude of the strain/stress. Figs. 3(a) and (c) show that the most effectively manipulation by the 
strain and stress is the magnetic switching from ]01[1 to ]101[ ( ]101[ to ]01[1 ) direction with field 
applied in [110] direction and the 180 degree switching from [100] to ]01[1 ( 00]1[ to ]101[ ) 
direction with field applied in [100] orientation. This is attributed to contribution of an extra uniaxial 
anisotropy induced by the positive/negative piezo-voltages induced the strain/stress, which will 
enhance/decrease ]01[1 uniaxial magnetic anisotropy, corresponding to increase/decrease the energy 
barrier along [110] orientation. 
With magnetic field applied in [110] orientation, the magnetic hysteresis loops were measured 
with applied different piezo-voltages, which is shown in Fig. 4(a). The magnetic hysteresis becomes 
more and squarer and the coercive field increases with increasing the magnitude of the negative 
piezo-voltages (stress). However, the magnetic hysteresis becomes less and less abrupt and the 
coercivity decreases with increasing the strain. With piezo-voltage increased from -75 to 75 V (stress to 
strain), the corresponding coercive field decreases from 1.6 to 0.8 Oe. Compared the coercivity at U = 
+/-75 V to the virgin state, the strain/stress induced the change of the coercive fields along this
orientation is up to 30%. The coercivity was found to roughly decrease linearly with increasing the 
piezo-voltages from -75 to 75 V, which is shown in Fig. 4(b). This phenomenon is attributed to the 
piezo-voltages induced the extra uniaxial anisotropy.
When there is a deformation along [110] orientation, the induced additional uniaxial anisotropic 
term will be superimposed on the magnetic free energy. In this work the additional uniaxial term 
induced by strain/stress has the same symmetry as 2K . Then the magnetic free energy of Eq. (1) can be 
modified as: )cos(HMcosMHcosMHcosMHE SSaSS   22221 2
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where aH is the additional uniaxial anisotropic field induced by the deformation along [110] 
orientation. Thus the relationship between the anisotropic fields and external magnetic field H applied
in the [110] direction with the extra uniaxial anisotropic field can be written down as:
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Using the virgin state fitted cubic and uniaxial anisotropy H1 = 356 and H2 = 100 Oe , then the 
piezo-voltages induced uniaxial anisotropy can be obtained by fitting the coherent rotation 
magnetization with magnetic field applied in [110] direction using Eq. (4), which is shown in Fig. 5.
The additional uniaxial anisotropic fields under strain/stress are +/- 8 Oe with the piezo-voltage +/-75 
V respectively, which is about 8% of the magnitude of H2. Thus the additional uniaxial anisotropy 
induced by piezo-voltages at +/- 75 V are +/-1.4×103 J/m3. 
IV. CONCLUSION
In summary, the magnetic anisotropy and magnetic reversal of Fe/GaAs/PZT hetero-structure
with and without piezo-voltages were carefully investigated using longitudinal magneto-optical Kerr 
microscopy. The coexistence of cubic anisotropy and in-plane uniaxial anisotropy in [110] direction 
was found in the virgin state. The system was found to break into domains only at sharp magnetization 
switching regime, which was confirmed by the corresponding magnetic domain structures. With 
piezo-voltages induced deformation in [110] orientation, the strain/stress was found to effectively 
manipulate the magnetization reversal. The coercivity during the magnetic reversal was found to 
roughly decrease linearly with increasing the piezo-voltages from -75 to 75 V with magnetic field 
applied in [110] direction. The two jump magnetization switching to one jump magnetization switching 
during the magnetic reversal was achieved by piezo-voltages with magnetic field applied in [100] 
direction. The additional uniaxial anisotropy induced by piezo-voltages at +/- 75V are +/-1.4×103 J/m3, 
which is large enough to control the magnetization reversal in our Fe/GaAs/PZT hetero-structure.
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Figure Captions:
FIG.1. Magnetic hysteresis loops in the virgin state with magnetic field applied along in-plane (a) [110] 
orientation, (b) ]01[1 orientation, and (c) [100] orientation. The insert of (a) shows the magnetic 
hysteresis loop in a wide field range, the insert images of (b) and (c) corresponding to the magnetic 
domain structures during the magnetic reversal in ]01[1 and [100] orientations, respectively. The 
scanning area of the magnetic domain images is 580 μm×580 μm. 
FIG.2. (a) The experimental and the fitting of coherent magnetization with magnetic field in [110] 
orientation; (b) Angular dependent of the coercive fields with magnetic field applied along different 
in-plane orientations in the virgin state, where θ=0º, along [110] direction. The areas marked I is the 
areas with one-step hysteresis loop, and the areas marked II is the areas with two-step hysteresis loop. 
FIG.3. Magnetic hysteresis loops under piezo-voltages at 0 V (black curve), 75 V (red curve) and -75 V
(blue curve) with magnetic field applied along (a) [110] direction, (b) ]01[1 direction, and (c) [100]
direction, respectively. 
FIG.4. (a) The magnetic hysteresis loops with sweeping magnetic field along [110] direction at 
different piezo-voltages; (b) The coercivity dependence of the piezo-voltages with magnetic field 
applied in [110] direction, the line is guide to the eye.
FIG.5. The experimental data with field applied in [110] direction in the coherent rotation with 
piezo-voltages at 75 V (open square) and -75 V (open triangle), respectively. The lines are fitting 
curves. 
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